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The structural, electronic and adsorption properties of NH3 on pristine, Sn and F substituted TeO2 na-
nostructures were investigated using density functional theory with B3LYP/LanL2DZ basis set. The
electronic properties of pristine, Sn and F incorporated TeO2 nanostructures were explained with ioni-
zation potential, HOMO–LUMO gap and electron afﬁnity. The dipole moment and point group of rutile
TeO2 nanostructures were also reported. The structural stability of pristine, Sn and F substituted TeO2
nanostructures were investigated in terms of formation energy. The adsorption properties of NH3 on
TeO2 were studied and the proper adsorption sites of NH3 on TeO2 materials were identiﬁed and dis-
cussed with the suitable parameters such as adsorption energy, HOMO–LUMO gap, Mulliken population
analysis and average energy gap variation. The results show that the substitution of ﬂuorine in TeO2
nanostructure enhances NH3 adsorption properties in mixed gas environment.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The metal oxide semiconductor based gas sensors are in demand
for environmental monitoring, industrial safety and process control
owing to their low cost, small size and compatibility with micro-
electronics [1,2]. To achieve good performance in metal oxide
semiconductor based gas sensors, small grain size with large ef-
fective surface area are preferred [3]. Thus, the size effect and a large
surface-to-volume ratio make quasi-one-dimensional metal oxide
semiconductor materials as good candidates for gas sensing appli-
cations [4]. Moreover, the metal oxide gas sensing materials such as,
In2O3, WO3 and Ga2O3 [5–7] have faster response, higher sensitivity
and improved capability to detect low concentration of gas or vapor.
The gas sensing mechanism with metal oxide semiconducting
materials is based on oxygen adsorption and desorption with the
surface of the base material. Besides, the oxidation of target gas
depends on the structure, morphology, porosity of the base ma-
terial and operating temperature. When the material is exposed to
reducing gas, such as ammonia (NH3), the chemisorbed oxygen on
the surface of semiconductor material reacts with reducing gas
species and the trapped electrons by the oxygen are released to
the oxide semiconductor, resulting in the variation in the con-
ductance of the nanostructured base material. Detection and
monitoring of ammonia is an important criterion in the atmo-
sphere since ammonia is used in agriculture; food processing andy. Production and hosting by Elsev
ouli).
als Research Society.medical diagnosis [8]. Furthermore, ammonia is used as a raw
material in many processes in industries such as in plastics, ferti-
lizers, paper & pulp and oil reﬁnery. Meanwhile, NH3 is one of the
air pollutant gases which lead to serious health hazards to animals
and humans. The threshold limit of ammonia is 25 ppmwith eight
hour time-weighted average given by Occupational Safety and
Health Administration [9].
Tellurium dioxide (TeO2) is a most versatile wide band gap
p-type semiconductor material. Moreover, TeO2 material shows
good gas sensing characteristics towards NH3, NO2, and H2S at
ambient temperature. Siciliano et al. [10] proposed ammonia
sensitivity of RF sputtered tellurium oxide thin ﬁlms. Sen et al. [11]
reported about ammonia sensor based on tellurium thin ﬁlms
operated at room temperature. In our previous work, using density
functional theory (DFT) method we have reported the adsorption
characteristics of various gases on the metal oxide as base material
[12–14]. Based on these facts, literature survey was conducted
with the help of CrossRef metadata search and it is inferred that
there are limited work on DFT method to investigate the adsorp-
tion properties of NH3 on TeO2 nanostructures.
The novel aspect of the present work is to study the adsorption
properties of NH3 on TeO2 nanostructures with impurity sub-
stitution in atomistic level, and results are reported.2. Computational details
The pristine, Sn and F substituted rutile TeO2 nanostructures
are optimized and simulated successfully with the help ofier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. (a) pristine TeO2 nanostructure. (b) Sn substituted TeO2 nanostructure. (c) F
substituted TeO2 nanostructure.
Table 1
Formation energy, dipole moment and point group of TeO2 nanostructures.
Nanostructures Formation en-
ergy (eV)
Dipole moment
(Debye)
Point
Group
Pristine TeO2
nanostructure
129.47 0.14 C1
Sn substituted TeO2
nanostructure
132.46 2.19 C1
F substituted TeO2
nanostructure
119.41 11.49 C1
Table 2
HOMO–LUMO gap of TeO2 nanostructures.
TeO2 nanostructures HOMO (eV) LUMO (eV) Eg (eV)
Pristine TeO2 nanostructure 7.02 4.44 2.58
Sn substituted TeO2 nanostructure 7.32 4.19 3.13
F substituted TeO2 nanostructure 7.2 5.87 1.33
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TeO2 base material is also studied through Gaussian 09 package. In
this work, density functional theory method is utilized with
Becke's three-parameter hybrid functional in combination with
Lee-Yang-Parr correlation functional (B3LYP) using LanL2DZ basis
set. The selection of suitable and proper basis set is most im-
portant factor for optimizing TeO2 nanostructures. The atomic
number of tellurium and oxygen is ﬁfty two and eight respectively.
Besides, the atomic number of tin and ﬂuorine is ﬁfty and nine
respectively, in which LanL2DZ may be a suitable basis set.
Moreover, Te is one of the heavy elements, which accounts forty
six core electrons and valence electrons of 5s2 5p4 electrons. Thus,
LanL2DZ basis set is a best choice to optimize TeO2 nanostructures,
which offers precise output with pseudo potential approximation
[16,17]. Lee et al. reported ab initio calculations on low lying
electronic states of TeO2 nanostructures [18], which support the
selection of basis set in the present work. The density of states
spectrum (DOS) and HOMO–LUMO gap of TeO2 nanostructures is
calculated using Gauss Sum 3.0 package [19]. The energy con-
vergence is obtained in the range of 105 eV, while optimizing
TeO2 nanostructures.3. Results and discussion
The main goal of this work is to investigate HOMO–LUMO gap,
ionization potential (IP), electron afﬁnity (EA), point group (PG),
dipole moment (DM) and the adsorption properties of ammonia
gas on TeO2 nanostructures with the substitution of dopant ele-
ments such as Sn and F. The incorporation of foreign atoms on
TeO2 nanostructures may change the conductivity of TeO2 base
material. Furthermore, this results in enhanced adsorption char-
acteristics of NH3 on TeO2 nanostructures. Fig. 1(a)–(c) depicts the
nanostructures of pristine, Sn and F substituted TeO2 nanos-
tructures respectively. The structure of TeO2 nanostructures is
built with respect to International Centre for Diffraction Data
(ICDD) card number: 74-0269. The reason behind choosing Sn and
F as impurity in TeO2 nanostructures must be justiﬁed. Both Sn and
Te belongs to ﬁfth period in the periodic table, despite Sn has two
electrons deﬁcit than Te, which may further increase the hole
concentration. In contrast, the substitution of F in place of O re-
sults in the increase in electron concentration since F has one
more electron than O atom. The substitution of Sn and F as im-
purity completely changes the electronic conductivity of TeO2
Table 3
HOMO–LUMO gap and density of states of TeO2 nanostructures.
Nano 
Structures 
HOMO – LUMO Visualization 
  
 
Eg 
(eV) 
 
HOMO, LUMO and DOS spectrum 
pristine TeO2  
nanostructure 
 
2.58 
 
Sn 
substituted 
TeO2
nanostructure
3.13
F substituted 
TeO2
nanostructure
1.33
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nanostructures
The structural stability of pristine, Sn and F substituted TeO2
nanostructures are discussed in terms of formation energy as
shown in Eq. (1),
( )= – ( )– ( )– ( ) ( )E E xE yE zETeO nanostructure Te O dopant 1form 2
where E (TeO2 nanostructures) refers the total energy of TeO2
nanostructures, E(Te), E(O) and E(dopant) depicts the corre-
sponding energy of isolated Te, O and dopant atoms namely Sn
and F. x, y and z represents the total number of Te, O and dopant
atom respectively. The dipole moment, point symmetry and for-
mation energy of pristine, Sn and F incorporated TeO2 nanos-
tructures are tabulated in Table 1. The formation energy of pris-
tine, Sn and F substituted TeO2 nanostructures are 129.47,Fig. 2. IP and EA of TeO2 nanostructure.132.46 and 119.41 eV respectively. Before investigating the
adsorption properties, the structural stability of TeO2 material
should be studied. The structural stability of TeO2 nanostructures
slightly increases with the incorporation of Sn. In contrast, the
stability of TeO2 nanostructure slightly decreases owing to the
incorporation of F. In the case of Sn substituted TeO2, one of the Te
atom is substituted with Sn atom, which has the atomic number of
ﬁfty. Moreover, the formation energy was calculated from the
difference in energy of complex TeO2 nanostructure and the pro-
duct of number of atoms with its corresponding energy. For F
substituted TeO2 nanostructure, in order to maintain the stoi-
chiometry in the nanostructure two of F atoms is substituted in
place of O atoms. Hence the variation in the formation energy for
impurity substituted TeO2 nanostructures was observed. Thus, Sn
substituted TeO2 nanostructure was observed to be more stable
rather than pristine and F substituted TeO2 nanostructures. The
DM provides the insights on the distribution of charges in TeO2nanostructures. The dipole moment for pristine, Sn and F in-
corporated TeO2 nanostructure was observed to be 0.14, 2.19 and
11.49 Debye respectively. From this observation, the distribution of
charges on pristine and Sn substituted TeO2 nanostructures are
almost uniform. Since, the dipole moment of pristine and Sn
substituted TeO2 nanostructures are very low when compared
with F substituted TeO2 nanostructure. Moreover, for all TeO2 na-
nostructures, C1 point group was observed, which exhibits only
identity operation.
The electronic properties of pristine, Sn and F incorporated
TeO2 nanostructures are described with the help of highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) [20,21]. The HOMO–LUMO gap of pristine, Sn and F
incorporated TeO2 nanostructures are 2.58, 3.13 and 1.33 eV re-
spectively. The experimental energy gap value of pristine TeO2 is
reported to be 3.64 eV [10], which is somewhat higher than the
theoretical value of 2.58 eV for pristine TeO2. Due to surface pas-
sivation effect between the atoms in TeO2 nanostructure, the en-
ergy gap value may decrease. Computationally, the density func-
tional theory is more nearer to ground state; basically the ex-
change-correlation potential is taken into account for outermost
electrons, which may underestimate the gap. However, in the
present study, the variation in the HOMO–LUMO gap is compared
with pristine and impurity substituted TeO2, which will not cause
much error in the calculation. The HOMO–LUMO gap of TeO2 na-
nostructure increases owing to substitution of Sn atoms. Further-
more, the orbital overlapping of Sn atoms with Te and O atoms
results in widening of band gap. In contrast, the HOMO–LUMO gap
gets reduced due to substitution of F atoms as shown in Table 2.
The localization of charges in different energy intervals on TeO2
nanostructures are visualized in density of states (DOS) spectrum.
The visualization of HOMO–LUMO gap and DOS spectrum of TeO2
nanostructure are shown in Table 3. In the present work, for all
TeO2 nanostructures, localization of charges is observed to be high
in virtual orbital and it is conﬁrmed with more peak maxima.
These peak maxima in TeO2 nanostructure arise due to the orbital
overlapping of tellurium with oxygen atoms in TeO2 base material.
However, the peak maximum in virtual orbital of TeO2 material is
observed to be more, when NH3 gas molecules gets adsorbed on
TeO2, this infers that the electrons can easily transit between NH3
molecules and virtual orbital of TeO2 nanostructures.
The electronic properties of TeO2 nanostructures can also be
studied in terms of electron afﬁnity and ionization potential
[22,23]. Fig. 2 depicts EA and IP of TeO2 nanostructures. IP refers
the amount of energy required to remove the electron from TeO2
nanostructures and EA represents the variation in energy due to
the addition of electrons in TeO2 nanostructures. The high value of
IP infers that the electrons in TeO2 nanostructure are strongly
bound to nucleus in TeO2 material. Different trends are observed
for both ionization potential and electron afﬁnity of TeO2 nanos-
tructure. Comparatively, less energy is required to remove the
electrons from pristine TeO2 nanostructure due to low value of IP,
which is more favorable for chemical sensors. Electron afﬁnity
plays an important role in both chemical sensors and plasma
Physics. The EA value of pristine, Sn and F incorporated TeO2 na-
nostructures are 4.44, 4.19 and 5.87 eV respectively.
3.2. Adsorption characteristics of NH3 on TeO2 nanostructures
Before studying the adsorption characteristics of NH3 on TeO2
nanostructures, NH3 gas should be studied in gas phase. The bond
length between N and H atom in NH3 is 1.0 Ǻ and the bond length
between Te atom and O atom in TeO2 material is 2.03 Ǻ. During
optimization of TeO2 nanostructures, these bond lengths are used.
Fig. 3a–h represents the adsorption of NH3 gas molecules on
Fig. 3. (a) NH3 adsorbed on position ‘A’. (b) NH3 adsorbed on position ‘B’. (c) NH3 adsorbed on position ‘C’. (d) NH3 adsorbed on position ‘D’. (e) NH3 adsorbed on position ‘E’.
(f) NH3 adsorbed on position ‘F’. (g) NH3 adsorbed on position ‘G’. (h) NH3 adsorbed on position ‘H’.
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Table 4
Adsorption energy, Mulliken population, HOMO–LUMO gap and average energy gap variation of TeO2 nanostructures
TeO2 nanostructures Ead (eV) Q (e) EHOMO EFL (eV) ELUMO Eg (eV) Ega %
Pristine TeO2 – – 7.02 5.73 4.44 2.58 –
A 1.09 0.17 6.73 5.495 4.26 2.47 4.45
B 2.72 0 7.32 5.915 4.51 2.81 8.19
C 5.44 1.01 6.38 5.635 4.89 1.49 73.15
D 5.17 0.12 7.33 5.8 4.27 3.06 15.69
Sn substituted TeO2 – – 7.32 5.755 4.19 3.13 –
E 1.36 0.26 7.08 5.56 4.04 3.04 2.96
F 1.63 0.13 7.11 5.67 4.23 2.88 8.68
F substituted TeO2 – – 7.2 6.535 5.87 1.33 –
G 10.61 1.02 6.91 5.825 4.74 2.17 38.71
H 7.34 0.098 7.3 6.78 6.26 1.04 27.88
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which is named by positions A to H respectively.
The adsorption energy of NH3 molecules on tellurium dioxide
can be illustrated by the Eq. (2) as
⎡⎣ ⎤⎦( ) ( ) ( )= + − ( )E E E ETeO NH TeO /NH 2ad 2 3 2 3
where E (TeO2/NH3) denotes the energy of TeO2/NH3 complex, E
(TeO2) and E (NH3) are the isolated energies of TeO2 and NH3
molecules respectively. When NH3 molecules are adsorbed on
TeO2 material, the negative and positive value of adsorption en-
ergy (Ead) is referred as exothermic and endothermic speciﬁcity
[24,25]. Moreover, exothermic speciﬁcity is more stable and fa-
vorable for adsorption characteristics. The adsorption energy va-
lues of TeO2 base material from A to H are 1.09, 2.72, 5.44,
5.17, 1.36, 1.63, 10.61 and 7.34 eV respectively. In addi-
tion, the conductivity of TeO2 nanostructure varies due to nar-
rowing and broadening of energy gap, when NH3 gets adsorbed on
pristine, Sn and F incorporated TeO2 nanostructure. Moreover,
energy gap widens or narrows due to the adsorption of NH3 on
TeO2 base material. In the case of pristine TeO2 nanostructure, the
conductivity of TeO2 increases, when the N atom in NH3 adsorbed
on Te and O atom in pristine TeO2 nanostructure. In contrast, the
conductivity of TeO2 material gets decreased due to adsorption of
H atom in NH3 adsorbed on to Te or O atom in pristine TeO2 na-
nostructure. The corresponding energy gap value for positions A,
B, C and D is 2.47, 2.81, 1.49 and 3.06 eV. Interestingly, the con-
ductivity of TeO2 material increases, when H atom in NH3 mole-
cules adsorbed on F atom in F substituted TeO2 nanostructure and
decreases when H atom in ammonia gas adsorbed on F atom in F
incorporated TeO2 nanostructure. In the case of Sn substituted
TeO2 nanostructure, the conductivity of the material always in-
creases irrespective of NH3 adsorption sites. Thus, the conductivity
of TeO2 nanostructure can be ﬁne-tuned with the substitution of
Sn and F impurities on TeO2 nanostructure. From the results, it is
inferred that the HOMO–LUMO gap and adsorption energy of TeO2
nanostructure varies when NH3 molecules gets adsorbed on TeO2
nanostructure. This strengthens that TeO2 nanostructures can be
used as NH3 gas sensor. Furthermore, to validate the present re-
sult, the observed results must be compared with the reported
work.
Liu et al. [26] proposed room temperature gas sensing prop-
erties of p-type TeO2 nanowires. The basic sensing mechanism
behind the metal oxides semiconductor when exposed to reducing
gas, such as NH3 gives rise to desorption of oxygen on the surface
of metal oxides material, which in turn release or absorb the
electrons from the base material. In the case of p-type semi-
conductor, such as, TeO2 material, the conductance of TeO2 getsdecreased owing to adsorption of NH3 gas molecules. This varia-
tion of conductivity is directly proportional to the concentration of
gas present in the environment, resulting in a quantitative de-
termination [27]. Moreover, the variation in the HOMO–LUMO gap
is noticed when NH3 gas molecules get adsorbed on TeO2 nanos-
tructures. For the positions A, C, E, F and H, the conductance of
TeO2 nanostructure increases. In contrast, for the remaining posi-
tions such as, B, D and G have low energy gap value, when com-
pared to respective isolated counterpart. This infers that the var-
iation of conductivity in TeO2 material mainly depends on ad-
sorption site of NH3 on TeO2 material. Moreover, the variation in
energy gap signiﬁes that pristine, Sn and F substituted TeO2 na-
nostructures can be used as a prominent material for sensing NH3
gas molecules. The proper adsorption site of NH3 gas on TeO2 can
be found only after studying the average energy gap variation (Ega
%) with its respective isolated counterparts [28,29]. Table 4 re-
presents adsorption energy, HOMO–LUMO gap, Mulliken popula-
tion analysis and average energy gap variation. From the ob-
servation, it is identiﬁed that the most suitable adsorption site of
NH3 gas on TeO2 nanostructures are positions C, G and H. The
adsorption of N atom in NH3 molecules adsorbed on Te and F
atoms in pristine and F substituted TeO2 nanostructure and the
adsorption of H atom in NH3 gas adsorbed on F atom in F sub-
stituted TeO2 nanostructure are observed to be most probable.
Since, high magnitude of energy gap variation is recorded among
other adsorption sites of TeO2 nanostructures.
The other parameter to scale NH3 adsorption characteristics is
the transfer of electrons between NH3 molecules and TeO2 base
material, which is illustrated by Mulliken population analysis (Q)
[30–32]. The negative value of Mulliken charge refers the transfer
of electrons from TeO2 base material to NH3 gas molecules and the
positive value of Mulliken charge represents the transfer of elec-
trons from NH3 molecules to TeO2 base material. The Mulliken
charge values for pristine, Sn and F incorporated TeO2 nanos-
tructure for the positions A to H are observed to be 0.17e, 0e, 1.01e,
0.12e, 0.26e, 0.13e, 1.02e, and 0.098e respectively. From the
observation, the positions D and H have negative value of Mulliken
charge, which infers that the electrons are transferred from TeO2
nanostructure to NH3 gas molecules. In the remaining case for
positions A, C, E, F and G all have positive Mulliken charge value,
which means that the electrons are transferred from NH3 to TeO2
base material. Interestingly, the position B has zero Mulliken
charge. It implies that no electrons are transferred between NH3
gas molecules and TeO2 base material. The high average energy
gap variation is observed for the positions C, G and H with cor-
responding values of 73.15%, 38.71% and 27.88%. Likewise, the
positions C, G and H have the positive value of adsorbed energy.
Almost the same value of Mulliken charge is observed for positions
Table 5
HOMO–LUMO visualization and density of states of NH3 adsorbed on TeO2 nanostructures.
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Table 5 (continued )
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Fig. 4. Effect of humidity on TeO2 nanostructures.
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differs signiﬁcantly due to the substitution of impurities. More-
over, the position C has comparatively high value of average en-
ergy gap variation compared with other sites. Position H has
moderate value of Ega with low negative value of Mulliken charge,
but the corresponding adsorption energy value is high and posi-
tive. The remaining positions A, B, E and F all have low value of
average energy gap variation, Mulliken charge and adsorption
energy irrespective of HOMO–LUMO gap. From all the aspects,
namely Mulliken population, average energy gap variation, ad-
sorption energy and HOMO–LUMO gap, it is clearly revealed that
the pristine and F incorporated TeO2 nanostructure is promising
candidate to sense NH3 gas. Furthermore, the most suitable ad-
sorption sites of NH3 on TeO2 nanostructures can be found only
after investigating all these parameters. Table 5 represents HOMO–
LUMO gap and density of states spectrum of TeO2 material. From
the DOS spectrum, it is proved that more peak maxima are re-
corded in virtual orbital of TeO2 nanostructures when compared to
the occupied orbital. This infers that the electrons can easily
transit between NH3 molecules and TeO2 base material, which
further strengthens the NH3 adsorption characteristics.
3.3. Effect of humidity on rutile TeO2 nanostructures
The sensitivity and selectivity of NH3 gas adsorption on TeO2base material is inﬂuenced by humidity. Besides, in humid en-
vironment the water molecules affect the adsorption of NH3 on
TeO2 nanostructures. Fig. 4 shows the comparison of pristine TeO2
material with water molecules adsorbed on TeO2 material. It is
clearly observed that, when H2O molecules get adsorbed on TeO2
nanostructure, the energy gap increases from its isolated coun-
terpart. The widening of HOMO–LUMO gap due to adsorption of
H2O molecules on TeO2 nanostructures leads to decrease in the
conductivity. This implies that the water vapor present in en-
vironment also inﬂuence the NH3 adsorption characteristics on
TeO2 nanostructure.4. Conclusion
In summary, the adsorption characteristics of NH3 on rutile
TeO2 nanostructures have been investigated by density functional
theory using B3LYP/LanL2DZ basis set. The structural stability and
electronic properties of pristine, Sn and F incorporated TeO2 na-
nostructures have been studied. The electronic properties of TeO2
nanostructure have been investigated in terms of ionization po-
tential, HOMO–LUMO gap and electron afﬁnity. The structural
stability of pristine, Sn and F substituted TeO2 nanostructures have
been described in terms of formation energy. The most prominent
site of NH3 on TeO2 nanostructure has been studied in terms of
V. Nagarajan, R. Chandiramouli / Progress in Natural Science: Materials International 26 (2016) 129–138138average energy gap variation, HOMO–LUMO gap, Mulliken popu-
lation analysis and adsorption energy. The adsorption energy of all
TeO2 nanostructures shows exothermic speciﬁcity and it is con-
ﬁrmed that the TeO2 nanostructures are stable and also favorable
for adsorption of NH3. The adsorption properties of NH3 on TeO2
nanostructures can be enhanced with substitution of F as impurity
in TeO2 nanostructures. There is no signiﬁcant variation observed
for TeO2 nanostructure with Sn substitution. Besides, the most
prominent adsorption site of NH3 on TeO2 nanostructure is when
NH3 molecules gets adsorbed on pristine and F substituted TeO2
nanostructure. The present ﬁnding gives the insight on TeO2 na-
nostructures, which can be used as an efﬁcient NH3 sensor.References
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